In the paper, the new process of rotating electroplated diamond wire saw with ultrasonic vibration is used for cutting and machining the typical hard-brittle materials like glass and zirconia ceramics to analyze its kinematics, dynamics and other basic theories, moreover, the impact rules of wire saw rotating frequency, lateral pressure, abrasive grain and other process parameters on the machining sawing power and surface roughness are researched based on the experiment. The comparison between normal sawing and ultrasonic sawing in glass indicates that: under the same condition, the tangent-saw force of ultrasonic saving is lower than that of normal sawing by 20%~30%, and the normal sawing force is decreased when the lateral pressure of workpiece is small (less than 5N) and increased when the lateral pressure is large (5N or above); when the wire saw rotating frequency is 150rpm, the lateral pressure is 2N and the abrasive grain is 280#, the machining surface will be given with the best quality with surface roughness of Ra=0.3-0.4μm. Therefore, compared to the surface roughness of Ra=0.8-1.0μm of normal sawing under the same condition, the ultrasonic sawing is superior to the normal sawing by 1-2 levels.
INTRODUCTION
Precision cutting is very important for the machining of hard-brittle materials. The cutting methods consist of conductive material cutting and non-conductive materials cutting as per the different properties of cutting objects (Drăghici, 1999) . There are many kinds of cutting methods of conductive materials, including gas cutting, sawing, plasma cutting, laser cutting, high-pressure water cutting, and electric spark line cutting, wherein the electric spark ling cutting is a common precision cutting technology of conductive materials. Restricted by material property, the precision cutting methods of non-conductive material are relatively few, mainly for the sawing of different free abrasives and fixed abrasives (Moser, 2004) .
The diamond wire sawing is a kind of hard-brittle material cutting method which has been developed rapidly for more than ten years, mainly including the free abrasive and fixed abrasive. It also can be divided into rotating and single-direction sawing based on the motion mode and machine tool structure of sawing wires. At present, the rotating multi-wire saw with free abrasives is dominated in the semiconductor and optoelectronic industries. In order to solve the refining pollution and other problems, the diamond wire saw with fixed abrasives has been developed . This kind of wire saw, with simple structure, capable of molding processing, have great significant for development of hard-brittle material processing equipment.
The electroplated diamond wire saw technology with ultrasonic vibration is a cutting method with independent intellectual property right. In the essay, the research on existing ultrasonic processing technology and wire cutting technology of hard-brittle material is further developed, solving the problem that the hard-brittle material processing is difficult and the processing efficiency is excessively low. The diamond wire saw machining in hard-brittle material with ultrasonic vibration has promising market prospect, and good economic benefit will be brought if the equipment and product are developed based on the technology (Fang et al., 2003) .
PROCESSING PRINCIPLE OF WIRE SAW MACHINING WITH ULTRASONIC VIBRATION

Kinematic equation of diamond wire saw
The diamond wire saw cutting motion is a kind of crank connecting mode motion, in which the cutting speed is orthogonal in the whole stroke. During the sawing process, the wire saw acceleration and speed are sine-wave oscillation. Assuming the wire saw displacement distance is lc(mm), the cutting speed is vc(mm/s), the wire saw processing speed is ac(mm/s2), and then the wire saw kinematic equation is:
Wherein, t(s) is the cutting time, nk is the reciprocating times of connecting mode per minute, i.e., the rotating speed of the flywheel per minute. When nk=200 rpm, and the length of single stroke is lh=100mm.
The motion trail of wire saw is the synthetic motion of sawing feed motion vf and cutting motion vc. Providing the workpiece feed direction is X-direction, the wire saw axial direction is Y-direction, and the workpiece feed speed is vf(mm/min). Then the displacement Y of wire saw in X-direction and Y-direction respectively is:
Motion characteristics of single diamond abrasive grain
The diamond abrasive grain mainly has two typical cutting statuses as follows.
The initial point is the diamond abrasive grain at outer surface of materials. Continue cutting for t seconds and start cutting at the outer surface of material, at this time contact the material surface at the starting point with the minimum cutting depth and then continue the feeding and load the max. Cutting depth once the material tends to fall off with an impact (Zong et al., 2006) . The cutting of diamond abrasive grain always begins with a starting cutting depth and reaches the max. Cutting depth in internal material, and the material will encounter another impact cutting load again in the return stroke.
The initial position is defined as the cutting starting point because its diamond abrasive grain at the material surface contacts with the material firstly, and it will experience the impact load twice in the feed and return strokes. As for the abrasive grain within the cutting length from the cutting starting point to the initial cutting point, its starting cutting contact under pressed status, and those diamond abrasive grains will motion outside the length of the material, and change to the above (1) cutting state in the return stroke (Goel et al., 2011) .
The instantaneous position of diamond abrasive grain can be obtained as per Eq. (4) and (5), and the actual cutting depth of single diamond grain is also related to the height of protruded wire saw.
The diamond wire saw machining with ultrasonic vibration is essentially a machining method integrating ultrasonic vibration and normal sawing. Considering the additivity of the two types of motions, the additivity principle can be taken for use for theoretical analysis and modeling. Assuming the vibration frequency is w, the amplitude is a, then the displacement equation of grain in X-direction and Y-direction is:
Simultaneously solve the Eq. (6) and (7) and cancel time t to get the kinematic equation of abrasive grain A as follows:
The amplitude of ultrasonic vibration is only 0.02mm while the frequency is 20kHz, so the impact of ultrasonic vibration on the motion of diamond abrasive grain is not obvious. In order to analyze the characteristics of diamond wire saw machining with ultrasonic vibration specifically, the motion trail of abrasive grain in an ultrasonic vibration period is will be studied carefully (Schmidt et al, 2010) .
Providing the ultrasonic vibration period is very short, the speed of wire saw in the whole ultrasonic vibration period is seen as even, and the motion trail of single diamond abrasive gain in an ultrasonic vibration period is shown in Fig. 3 . The simulation condition of Fig. 3 is: a=0.02mm, f=20kHz, vf=1mm/min (in curve 1), and vf=2mm/min (in curve 2).
The comparison of curve 1 and curve 2 in Fig. 3 shows that the impact of workpiece feeding speed on the motion trial of abrasive grain is excessively large. The workpiece feeding speed vf will directly affect the number of ultrasonic vibration periods on a certain processing surface, to be specific, if the workpiece speed vf is small, the ultrasonic vibration periods in a certain processing distance will be more, the trail interference degree will larger, and the scratching times of the abrasive grain on the workpiece processing surface will also be more. The MATLAB simulation condition is: a=0.02mm, vf=1mm/min, f=10kHz (in curve 1), and f=20kHz (in curve 2).
The processing quality of material surface will be improved when the workpiece feeding speed is shorter and the ultrasonic vibration frequency is increased.
ESTABLISHMENT AND PREDICTION OF SURFACE ROUGHNESS BP MODEL
In order to make the model more universal and representative and reduce the experiment times and save experiment cost, the orthogonal experiment method commonly used in engineering is selected to design the experiment scheme (Zong et al., 2008) . The nine groups of data obtained from the orthogonal experiment with three factors and three levels are used for testing the network. The orthogonal experiment of electroplated diamond wire saw machining in glass with ultrasonic vibration is shown in Table 1 . There are many factors which will affect the surface roughness through electroplated diamond wire saw machining with ultrasonic vibration. When the power (250W) and frequency (20KHz) of ultrasonic generator is still, the three process parameters including diamond abrasive grain and reciprocating frequency of lateral press wire saw, and the research object is surface roughness (Peng and Ming,2012) . The nerve network (BP network) contains three neurons in input layer, and one neuron in output layer. The three-layer BP network is used for modeling, i.e. the hidden layer number is one.
The number of neurons in hidden layer is complicated to be determined, and is finally determined as 6 through learning, training and comparison of fitting errors in the paper after firstly making the number of neurons in hidden layer changeable through programming. See Fig. 1 for the simplified prediction model of the finished surface roughness. In the figure 1, X1, X2 and X3 refer to diamond abrasive grain, lateral pressure and reciprocating frequency of wire saw respectively. Y1 refers to the surface roughness. Calculation was carried out by using the built artificial neural network prediction model of surface roughness and the results are listed in Table 2 . The max relative error is 7.32％ and the average error is only 3.16％. It can be seen that the model has high fitting precision (Hwang et al, 2005) . The relative error 7.12% 5.54% 0.69% 3.21% 1.25% 0.36% 2.52% 5.36%
As shown in table 3, four groups of experimental data were used as test samples to test the model and it was found that the max. Prediction error was 11.7％, so the prediction results were good (Jang et al, 2014) . The predication results show that the model has good precision (Oliveira et al, 2009 ). The predicted value of surface roughness under processing technology parameters (diamond abrasive grain, lateral pressure and reciprocating frequency of wire saw) can be obtained by using the limited test data through the model. The precision of the model will be further improved with more correct data collected during tests and the increase of training samples (Qian et al., 2008) . 
CONCLUDING REMARKS
According to the experimental data and predication results, influences of the main processing technology parameters (diamond abrasive grain, lateral pressure and reciprocating frequency of wire saw) on the finished surface roughness are analyzed. Figure 2 shows the relationship between the reciprocating frequency of wire saw and surface roughness when the lateral pressure is 2N under two conditions -with and without the effect of ultrasound. It can be seen from Figure 2 that the reciprocating frequency of wire saw has a greater influence on the finished surface roughness with the effect of ultrasound. Before the reciprocating frequency of wire saw reaches 160rpm, the higher the reciprocating frequency of wire saw is, the lower the roughness value is. This is because that an increase of sawing wire speed can reduce the cutting depth of a single abrasive.
Establishment of surface roughness BP model and prediction
However, if the reciprocating frequency of wire saw is higher than 160rpm, the surface roughness of a work piece will increase suddenly, because too fast sawing wire speed will sharpen the transverse vibration of sawing wire, influencing the processing quality. But it also can be seen from Fig. 2 that the sudden increase trend of roughness weakens with the effect of ultrasound, indicating that the processing quality reduces under the influence of transverse vibration or sawing wire and a higher reciprocating frequency of wire saw can be adopted when ultrasonic vibration is applied to.
Meanwhile, it can be seen that no matter whether ultrasound is applied to, with the change of reciprocating frequency of wire saw, the finished surface roughness values are low. Because, under certain lateral pressure, with the increase of reciprocating frequency, the feed speed of workpiece will increase and the increased feed will increase the roughness value, the roughness value changes little with the change of sawing wire speeds. Figure 3 shows the relationship between the lateral pressure and surface roughness when the reciprocating frequency of wire saw is 160rpm under two conditions respectively-with and without the effect of ultrasound.
Influences of lateral pressure on surface roughness
With the increase of lateral pressure, the roughness value increases. This is because that feed movement of workpiece is achieved by the lateral pressure, i.e. the higher the lateral pressure is, the faster the feed speed of workpiece is. As shown in Figure 3 , when the lateral pressure increases gradually, the surface roughness also increases gradually.
If the lateral pressure increases (the feed speed increases) and the sawing wire speed is kept the same, the constant feed pressure will increase, the feed pressure will increase and then the cutting depth of a single abrasive will increase. Increasing impact of abrasive on materials can easily produce scratches and marks and cause cracking. In addition, the increase of feed speed and the rise of friction temperature between workpieces and wire saws will speed up abrasive falling off and influence the finished surface roughness (Saito et al., 2014) . The lateral pressure has a great influence on the finished surface roughness and processing defects such as micro-cracks. In addition, we can find in the experiment process that, under the experimental conditions, when the lateral pressure is higher than 10N, the wire saw bends seriously, surface roughness of workpiece rises sharply and the processing could hardly be conducted normally (Kamiya et al, 2010) . Therefore, if an ultrasonic vibration saw is used for cutting, smaller lateral pressure shall be chosen to achieve low surface roughness and good processing quality. Figure 4 shows the relationship between the abrasive grain and surface roughness when the reciprocating frequency of wire saw is 150rpm under two conditions respectivelywith and without the effect of ultrasound. From Figure 4 , it can be seen that the finished surface quality will be higher if the abrasive grain size is smaller. In the abrasive processing, the abrasive grain is an important influence factor of the finished surface quality. Theoretically, using a wire saw made of diamond abrasive with smaller granularity can further reduce the finished surface roughness. Above all and based on the orthogonal test results, a conclusion can be drawn that with the increase of reciprocating frequency of wire saw and decrease of lateral pressure and abrasive grain size, the finished surface roughness will decrease. The importance of influence of each process parameter on the finished surface roughness is: lateral pressure, abrasive grain and reciprocating frequency of wire saw. When the reciprocating frequency of wire saw is 150rpm, lateral pressure is 2N and abrasive grain is 280#, the finished surface quality will be the best and the surface roughness can reach Ra=0.3-0.4μm. Compared with the conventional cut surface roughness Ra=0.8-1.0μm under the same conditions, ultrasonic cutting is better than the conventional cutting by 1~2 grades.
Influences of abrasive grain on surface roughness
From the above-mentioned analysis, it can be known that, when hard and brittle materials are processed through composite ultrasonic vibration cutting, a better finished surface quality can be obtained through ultrasonic vibration cutting than through the conventional cutting and the roughness can reduce to about 40%. In the processing process, the roughness can be reduced by adjusting any one of the reciprocating frequency of wire saw, lateral pressure and abrasive grain.
If considering that the material removal rate is improved and the finished surface roughness is reduced simultaneously, a higher wire saw speed shall be adopted within the allowable range. (Under the experimental conditions, generally, to obtain stable processing effects, the reciprocating frequency of wire saw shall be not higher than 160rpm and the lateral pressure shall not exceed 10N.)
CONCLUSION
The diamond wire sawing is a kind of hard-brittle material cutting method which has been developed rapidly for more than ten years, mainly including the free abrasive and fixed abrasive. It also can be divided into rotating and single-direction sawing based on the motion mode and machine tool structure of sawing wires. At present, the rotating multi-wire saw with free abrasives is dominated in the semiconductor and optoelectronic industries. In order to solve the refining pollution and other problems, the diamond wire saw with fixed abrasives has been developed. This kind of wire saw, with simple structure, capable of molding processing, have great significant for development of hardbrittle material processing equipment.
In the paper, the surface roughness is conducted on the basis of experiments and in combination with artificial neural network technologies and the following conclusions are drawn:
(1) The BP network model of surface roughness established by using MATLAB artificial neural network toolbox has high fitting precision with the experimental data and the max. relative error is 7.32% and the average error 3.16%. Four groups of experimental data were used as test samples to test the model and it was found that the max. prediction error was 11.7%, so the prediction results were good. It indicates that it is feasible to predict the finished surface roughness with the method.
(2) Under the experimental conditions, when the reciprocating frequency of wire saw is lower than 160rpm, the roughness decreases with the increase of reciprocating frequency of wire saw. Due to the influence of transverse vibration, the finished surface roughness will rise suddenly if the reciprocating frequency of wire saw is higher than 160rpm. However, with the ultrasonic effect, the roughness rising trend weakens. No matter whether there is the ultrasonic effect, with the change of reciprocating frequency of wire saw, the finished surface roughness value changes little.
(3) No matter whether there is the ultrasonic effect, the surface roughness of material increases significantly with the increase of lateral pressure.
(4)The finished surface quality will be higher if the abrasive grain size is smaller.
(5) The importance of influence of each process parameter on the finished surface roughness is: lateral pressure, abrasive grain and reciprocating frequency of wire saw.
(6) When the reciprocating frequency of wire saw is 150rpm, lateral pressure is 2N and abrasive grain is 280#, the finished surface quality will be the best and the surface roughness can reach Ra=0.3-0.4μm. Compared with the conventional cut surface roughness Ra=0.8-1.0μm under the same conditions, ultrasonic cutting is better than the conventional cutting by 1~2 grades.
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